We use metastable NaCl-structure Ti 0.5 Al 0.5 N alloys to probe effects of configurational disorder on adatom surface diffusion dynamics which control phase stability and nanostructural evolution during film growth. First-principles calculations were employed to obtain potential energy maps of Ti and Al adsorption on an ordered TiN(001) reference surface and a disordered Ti 0.5 Al 0.5 N (001) solid-solution surface. The energetics of adatom migration on these surfaces are determined and compared in order to isolate effects of configurational disorder. The results show that alloy surface disorder dramatically reduces Ti adatom mobilities. Al adatoms, in sharp contrast, experience only small disorder-induced differences in migration dynamics. * bjoal@ifm.liu.se 1 arXiv:1202.5645v1 [cond-mat.mtrl-sci]
Thin film growth is a complex physical phenomenon controlled by the interplay of thermodynamics and kinetics. This complexity facilitates the synthesis of metastable phases, such as Ti 1−x Al x N alloys, which are not possible to obtain under equilibrium conditions and broaden the range of available physical properties in materials design. Fundamental understanding of elementary growth processes, such as adatom diffusion, governing nanostructural and surface morphological evolution during thin film growth can only be developed by detailed studies of their dynamics at the atomic scale. Research has mostly been carried out using elemental metals, as reviewed in refs. [1, 2] . Much less is known about the atomic-scale dynamics of compound surfaces, and particularly little about complex, configurationally disordered, pseudobinary alloys which are presently replacing elemental and compound phases in several commercial applications.
Kodambaka et al. [3] and Wall et al. [4, 5] used scanning tunneling microscopy to determine surface diffusion activation energies E s on both TiN(001) and TiN(111). However, due to the vast difference between experimental and adatom hopping time scales, determining diffusion pathways requires theoretical approaches via first-principles methods that are capable of providing clear atomistic representation on the ps time scale. Gall et al. [6] employed first-principles calculations to show that E s for Ti adatom diffusion on TiN is much lower on the (001) than the (111) surface and used this diffusional anisotropy to explain the evolution of (111) preferred orientation during growth of essentially strain-free polycrystalline films.
The correspondingly large differences in chemical potentials result in Ti adatoms having higher residence times on (111) than on (001) grains.
Here, we use cubic Ti 1−x Al x N(001), a metastable NaCl-structure pseudobinary alloy, as a model system to probe the role of short-range disorder on cation diffusivities which control phase stability, surface morphology, and nanostructural evolution during growth. Ti 1−x Al x N alloys with x ∼ 0.5, synthesized by physical vapor deposition (PVD) far from thermodynamic equilibrium [7] , are commercially important for high-temperature oxidation [8] and wearresistant applications [9, 10] . Alloying TiN with AlN has also been shown to alter surface reaction pathways controlling film texture and nanostructure [10] [11] [12] [13] . Unfortunately, atomicscale understanding of the growth of these important, and more complex, materials systems is presently rudimentary as best. Surface diffusion on a metal alloy, the CuSn system in ordered configurations and in the dilute limit [14] , has only recently been considered using first-principles. However, it is well known that configurational disorder can have large effects on the physical properties of solid solutions [15] .
We employ first-principles calculations using the projector augmented wave method [16] as implemented in the Vienna Ab-Initio Simulation Package (VASP) [17] , to determine the energetics of cation adsorption and diffusion on ordered TiN(001) and congurationallydisordered Ti 0.5 Al 0.5 N(001) surfaces. Electronic exchange correlation effects are modeled using the generalized gradient approximation [18] . The plane wave energy cut-off is set to 400 eV. We sample the Brillouin zone with a grid of 3 × 3 × 1 k-points. which is found to be important for Ti adatoms with its partially filled 3d-shell, but not for Al. To investigate diffusion on a configurationally-disordered surface, the Ti 0.5 Al 0.5 N (001) slab is modeled using the special quasirandom structure (SQS) method [19] . We impose a homogenous layer concentration profile and minimize the correlation functions on the first six nearest-neighbor shells for the slab as a whole.
Convergence of diffusion barriers is tested with respect to the geometrical and numerical details of the calculations. E s results are within 0.04 eV of the converged value, partly due to error cancelation between the effects of treating Ti semicore states as core and the limited number of layers; both are of the order of 0.08 eV, but with opposite signs. Our primary focus is the observed differences in cation dynamics on the two surfaces.
We begin by calculating the adsorption energy E Al,T i ads (x, y) for Ti and Al adatoms as a function of positions x and y on both ordered TiN(001) and disordered Ti 0.5 Al 0.5 N (001) surfaces,
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slab+ad is the energy of the slab with an adatom at (x, y), E slab is the energy of the pure slab with no adatoms, and E Al,T i atom is the energy of an isolated Al or Ti atom in vacuum. We use a fine grid of sampling points, ∆x = ∆y = 0.05a 0 . In each calculation, the adatom is fixed within the plane and relaxed out of plane. The upper two layers of the slab are fully relaxed, while the lower two layers are stationary. A periodic polynomial interpolation between the calculated points is used to obtain a smooth energy surface. Adsorption-energy profiles for Al and Ti atoms on TiN(001) and Ti 0.5 Al 0.5 N(001) surfaces are shown in Figs. 1(a)-1(d) . The most favorable sites for Al adatoms on both surfaces are directly above N atoms at bulk cation positions. For Al on TiN(001), Fig. 1(a) , E In order to quantify the impact of disorder on diffusion, transition state theory within a kinetic Monte Carlo approach is used to determine the mobilities of independent adatoms. The probability at each time step for a Ti or Al adatom at site i to jump to site j is calculated
where ∆E ij = (E ij − E i ) is the difference between the adsorption energy in the local minima i and at the saddle point defining the barrier height E ij between sites i and j. The temperature T is 800 K, a representative value for PVD growth of transition-metal nitride thin films. For convenience, we choose the attempt frequency ν 0 to be the same for Ti and Al on both TiN(001) and Ti 0.5 Al 0.5 N(001) surfaces, but note that Al adatoms should have a slightly higher attempt frequency than Ti due to their lower mass. We determine n i (t), the probability density of finding adatoms on a given site i, at time t, corresponding to an ensemble average of a large number of individual cases.
The most probable Al and Ti diffusion paths are identified by imposing a constant probability density of adatoms at the centers of circular grains with radii 8.5a 0 , and then propagating the probability density using Eq. 2. Adatoms crossing a grain boundary are not allowed to cross back. Thus, we obtain an adatom probability flow between sites i and j from the center of the grain outward,
Steady-state results are plotted for Ti adatoms in predominantly along preferential paths on the disordered TiAlN(001) surface, the mobility differences are, in large part, explained by differences in energy profiles along these paths. 
